The epiphytic foraminifera1 biotas living on the seagrass T/zzalassia testzrrlimun
INTRODUCTION
Foraminifera is a monophyletic clade of single-celled eukaryotes that has recently been found to be most closely related to chlorarachniophytes, cercomonads, euglyphiid amoebans, and other cercozoans (Archibald et al., 2003; Keeling, 2000; Pawlowski et al., 2003) . The clade has a long geological history, reaching back to at least the Early Cambrian (Culver, 1991; Lipps and Rozanov, 1996; McIlroy et al., 2001) , and the group is considered by many to have one of the best fossil records of any organism (Culver and Buzas, 1998) . Fossil foraminiferans are widely used in biostratigraphic. paleoecological, paleoenvironmental, and evolutionary studies (Culver and Buzas. 2000) . Extant species are ubiquitous in the marine realm and occupy a diversity of habitats in near-shore tropical to subtropical waters. Foraminiferans can be found dwelling within the sediments of mangrove swamps and seagrass meadows as well as living attached to seagrass blades, macroalgae, coral rubble. and other firm substrates (Sen Gupta, 1999) .
Traditionally, ecological studies of extant foraminiferans have focused primarill on the sediment-dwelling species and there exists an extensive literature documenting the diversity. distribution and abundance of living foraminifera1 communities from an array of sediment t3 pes in different marine environments (Culver. 1990 : Murray, 1973 : 199 1 a, h). wore recently. a number of studies have examined the ecologq of foraminiferans living attached to phyla1 subqtrates, such as seagrasses and macroalgae. in nearshorc marine ecosystems (Fujita and IIallock, 1999: Langer, 1993; Richardson 2000 . Semeniuk. 2000 . 2001 . I hcse studles indicate that the standing stock ol'epiplqtic foraminifera1 populations may be as high as thoqe of the sediment-dwelling biota. suggesting that a considerable component of the overall foraminifera1 biodiversity has been overlooked by surveys employing traditional sampling methods. In his study of the disrribution of foraminiferans in the sediments ofthe Belize Shelf, Wantland (1975: 358) observed that the highest species diversity occurred in regions colonized by moderate-todense stands of turtle grass (Thcrlassicr testudinum) and speculated thar "many. if not inost, of the benthonic fbraminifera inhabiting shallow back-reef environments live attached to plants and other floral and faunal elements above the sediment surface."
Thrtlcrssia testudir?ur?~ is the dominant seagrass in the Caribbean and its broad, srrap-like leaves provide a substantial amount of surface area (LA1 = 4-1 2 m' blade surface aredm' seailoor) for ~h c settlement of epiphytic organisms (Philips and Mefie/. 1988; Zieman. 1975) . The species richness of epiphytic foraminiferans from 7'hulcrs.rm habitats in the central province of the Belizean Barrier Reef Complex (i.e.. Carrie Bow Cay, Twin Cays, Man O'War Cay, and the Pelican Cays) totals 49 species to date (Richardson, 2000; S. Richardson, unpublished data) . These foraminifera1 species compete for space and resources with numerous multicellular organisms, such as encrusting calcareous algae, filamentous microalgae, hydroids, bryozoans, copepods. spirorbids, ascidians, sponges, barnacles, and oysters (Richardson 2000; S. Richardson, unpublished observations) .
Estimates of the biomass of T. testuci'inuin from this region are among the highest in the Caribbean, with above-ground biomass ranging from 883*254 g m-* dry weight (August) to 73 1*2 1 1 g m-2 dry weight (December) (Koltes et al., 1998; Zieman and Zieman, 1989) . Areal productivity shows minimal seasonal variation, with slightly higher values of productivity recorded during August (2.8610.96 g dry weight m-2 day-') relative to December (2.30*0.88 g dry weight m-2 day-'), and the turnover rate for T. testudinum leaves averages about 2.4% per plant per day (Koltes et al., 1998) .
Since T. testudinum provides a relatively stable and predictable substratum for the settlement, growth and reproduction of epiphytic organisms throughout the year, one might ask whether or not the epiphytes colonizing the leaf blades also exhibit minimal seasonality? The objective of the present study was, therefore, to investigate the seasonal changes in abundance, diversity, and species composition of the epiphytic foraminifera1 biotas living on T testztdinztm growing in the vicinity of the Twin Cays, Belize.
AND METHODS

Description of Study Sites
Seagrass samples for this study were collected from the vicinity of Twin Cays. Belize. a 91.5 ha-mangrove island that is located within the central province of the Belizean Barrier-Reef Complex, approximately 21 km SE of Dancgriga and 2 km west of the reef crest (Koltes et al., 1998) . Sampling sitcs were located along a north-south transect. in the Main Channel between East and West Islands as well as in the acijacent embayinent of Boston Bay (Fig. 1 ) . Blades of T testudimm with their associaicd epiphylcs were collected during Geld excursions in the sunmlcr (wet season) of 200 1 (22 Junc-03 July) and again in the winter (dry season) of 2002 (3 1 January-1 1 February).
Site A mas located in Boston Bay in approximately 1 5-m water depth in a monospecific stand of T testudinum. The overlying water column at this site was reddish-brown in color due to the high tannin content and the sediment consisted of a thick accu~nulation of mangrove-derived. organic flocculent. Nunlerous individuals of the "upside-down" jellyfish, Casslopeia xamachcrncr, were present in sand patches interspersed throughout the seagrass stands. Site B was located in approxinlately water depth in a monospecific stand of 7' testudinum at Sponge Haven. I he overlying water was cloudy. presun~ably due to suspended sediment load in the channel. and the sediment surface consisted of a thick accumulation of mangrove-derived. organic flocculent (Calem and Pierce. 1993) . Site E was located southeast of Turtle Cove. near the dock. in 1.5-n~ water depth in a dense. monospecific stand of 7' testudinum growing in the middle of the channel (Fig. 1) . The overlying water column was cloudy with suspended sediment, and the bottom sediments were comprised of a fine silty. calcareous mud (Calem and Pierce, 1993) . Site J was located at 'Cuda Cut in 1.5-m water depth in a monospecific stand of T testudinum. The overlying water column at this site was cloudy with suspended sediment and the bottom sediments were comprised of a silty, calcareous mud (Calem and Pierce, 1993) .
Field and Laboratory Protocols
Twelve shoots of T testudinum were collected haphazardly (sensu Hayek and Buzas, 1997) at each site from within an area of approximately nine m2 of sea floor. Seagrass samples were stored in Ziploc bags immersed in seawater and kept in a cooler until return from the field. Collectioils from each sampling site were maintained temporarily in separate tanks with running seawater in the wet lab on Carrie Bow Cay until the leaf blades could be examined.
The longest blade from each shoot was selected and examined for live foraminiferans using a binocular, dissecting microscope (Leica M5 (Fig. 4) . The highest mean densities were recorded at the Dock site Diversity indices calculated for each site include: S (species richness), H (Shannon's H), and E (evenness) (Hayek and Buzas, 1997) (Tables 1,2 ). Except for Boston Bay. the total species richncss recorded at each site was higher in June 200 1 than in February 2002 (Fig. 5) . The highest values of S were recorded at the 'Cuda Cut site in Table 3 . Relative abundance of epiphytic species at sites sampled within Twin Cays, Belize, in June 2001. 95% confidence intervals were calculated from standard error for species proportions for cluster sampling (Hayek and Buzas, 1997 Tables 3, 4 ). The proportioi~s of all species recorded during the course of this study are presented in Table 3 (June 2001) and Table 4 (February 2002) . Ninety-five percent confidence intervals were calculated from the standard error for species proportions for cluster sampling as outlined in Hayek and Buzas (1 997: 189) . In most instances, when the proportion of a species is less than I%, the width of the confidence limits for these rare species is approximately the same value (or wider) than the proportion. Tables 5 and 6 list the rank abundance for these same species. Of the 41 total species identified in this study, only one species, Iridia cf. I diaphana, a single-chambered agglutinated foraminiferan, was common in the samples surveyed at all sites during both seasons . In June 2001, Rhizonubecula sp., an encrusting milioline foraminiferan, was the dominant species at all collecting sites located within the Main Channel (Sponge Haven, Dock, and 'Cuda Cut) but ranked only forth at the Boston Bay site (Tables 3, 5) . Sorites dominicensis, a milioline species that possesses dinoflagellate endosymbionts, was found to be the second most common species at the Boston Bay, Sponge Haven, and 'Cuda Cut sites and the third most common species at the Dock site in June 200 abundance were more varied at each site in February 2002. In February 2002, Iridia cf. I. diaphana was again the most common species in Boston Bay, the second most common species at Sponge Haven, and the third most common species at both the Dock and 'Cuda Cut sites (Fig. 3, Tables 4,6 ). Rhizonubecula sp. was observed to be the dominant species at the Dock site only, falling to the second most common species at 'Cuda Cut, the third most common species at Sponge Haven, and the eighth most common species in Boston Bay. Planorbulina acewalis, a multichambered, calcareous hyaline species, was observed to be the most common species at the Sponge Haven and 'Cuda Cut sites, the second most common species at the Dock site, and the third most common species in Boston Bay. Cornuspiramia antillarum was the second most common species at the Boston Bay site in February 2002 but ranked only seventh at Sponge Haven and was present, in proportions below 1% at both the Dock and 'Cuda Cut sites ( Tables 1, 2 ). These differences are potentially attributable to any number of biotic and abiotic factors that affect both the foraminiferal populations and their phytal substratum. Biotic factors. such as the life-history characteristics of individual species, competition, and predation, The benthic foraminiferal response to organic carbon flux is well documented (Loubere and Fariduddin, 1999; Murray, 2001) . Benthic foraminiferans have been shown to feed on bacteria, diatoms and other microalgae (Bernhard and Bowser, 1992, Lipps, 1983; Schwab and Hofer, 1979) , all of which are components of the microbial biofilm that coats the seagrass blades (PI. 1, figs. a-g ). A few foraminiferal species are also known to utilize directly dissolved organic material (Delaca et al., 198 1 ) . In low-nutrient, are all known to influence the species composition of communities (Krebs, 1994) . Abiotic factors, such as temperature, salinity, light, nutrients, and the water-flow regime (currents and tides), have been observed to vary on a seasonal basis in Belize which has a subtropical climate and a pronounced wet and dry season (Koltes et al., 1998, Riitzler and Ferraris, 1982) . Some of the factors that potentially impact the epiphytic foraminiferal populations off Twin Cays include an influx of nutrients from the surrounding mangroves during the wet season, an incursion of open-water species into the main channel during the dry season, and the thermal tolerances of individual species. The benthic foraminiferal response to organic carbon flux is well documented (Loubere and Fariduddin, 1999; Murray, 2001) . Benthic foraminiferans have been shown to feed on bacteria, diatoms and other microalgae (l3ernhard and l3owser. 1992, Lipps, 1983; Schwab and IIofer, 1979) . all of which arc conlponents of the microbial biofilln that coats the seagrass blades (Pl. 1. figs. a-g) A few foraminiferal species are also known to utilize directly dissolved organic material (Delaca et al., 1981) . In low-nutrient, oligotrophic regimes. inangroves represent a source of organic carbon and nutrients for the surrounding nutrient-limited marine ecosystems (Robertson et al., 1992) . Mangrovederived nutrients are exported primarily in the fonn of leaf litter, detritus. particulate organic matter. and dissolved organic material, the interchange being facilitated by tidal rhythms (Hemminga et al., 1995; Marguillier et al., 1997; Mohammed et al., 1999) . Although the influence of nutrient enrichment is most pronounced in the seagrass beds that are in closest proximity to the mangrove fringe, mangrove-derived nutrients may be exported for considerable distances from their source (Ifennminga et al. 1995, Marguiltier 2t a] ., 1997; Mohammed et d., 1999: Moran et al.. 199 1 ) Mangrove-derived nutricnt cnnchment may result in increased gromth rates. shoot densities. and biomass of nearby seagrass bcds, as well as increased epiphyte levels on the seagrass blades (Frankovich arid Faurqilr.ean. 1997, Kcich and ?vLdden. 3001 , Khltes ei al., 1998; Tnmasko and I,apointe, 1991: \an Tusscnbroeb, 1995) . r'or exanlplc, 111 the Bahamas Koch and Madden (2001) recorded epiplqte loads that were 5 to 36 timcs higher on seagrasses in close proximity to the mangrove fringe of Sweeting's Cay than those recorded on seagrasses growing in the central lagoon or channel. Very little information is known about the thermal tolerances andlor growth optima of most species of benthic forarniniferans (Murray, 200 1) . In the Twin Cays region. water temperatures range from a monthly mean low of 23.6"C in January to a monthly mean high of 37.7"C in August (Koltes et al., 1998) . Several of the epiphytic foraminiferal species observed living on T. testudinum in Belize (Cornuspiramia antillarum, Hemidiscella palabunda, Iridia cf. I. dinphana, Planogypsina squamiformis, Rhizonubecula cf. R. adherens, Rosalina candeiana, and Sorites dominicensis) appear to have broader thermal tolerances than they experience in Belize as they have their northernmost distributional limits in the Indian River Lagoon, Florida (Buzas and Severin, 1977; Culver and Buzas, 1980, 1982; S. Richardson, unpublished data) . Thalassia testudinum in the latter region exhibits pronounced seasonal variation in leaf production, leaf elongation, and biomass (Gacia, 1999) , and the epiphytic foraminiferal populations in this region exhibit pronounced seasonality as well (S. Richardson, unpublished data Richardson. unpublished data) . Buzas and Hayek (2000) also reported strong seasonality in the densities of the sediment-dwelling foraminifera1 biota in the Indian River Lagoon with densities highest in the summer months (June-August) and lowest in the winter months (December-February).
0
DISCUSSION
Values of Shannon's H generally range betmjeen 1.5 and 3.5 (Magurran 1988 ) and can vary according to the evenness. or distribution. of individuals ~"ithin each species used to calculate M (Hayek and Bums. 1997 ). This effect n x seen in the Twin Cays data in June 200 1 when a higher \ alue of H was obtained for the Sponge Haven site (H=2.1965) than the Dock ,site (HI 1.4699) eben though Spongc Haven had a lower ~L E of species richness (S=25) than the Dock (S-27). Evenness n a s higher at Sponge I I a v~n (E=0.6824) than the Dock (E=0.4460) due to the higher dominance of the species Rhizonzlbeczilu sp. at the latter slte. The low value of H seen at the Dock site (H=1. 152 1 ) in February 2002 is due to the low evenness (E=O. 1666). and corresponding high dominance, of the encrusting milioline species Rhizonzlheczdu sp. (Tables 3, 4) .
High dominance has been shown to be characteristic of marine communities that are subject to stress from eutrophication and pollution (Lambshead et al.. 1983; Tonlascik and Sander, 1987) . The dominance of Rhisonuhecula sp. in June 2001 at the Sponge Haven. Dock. and 'Cuda Cut sites. where it was observed to be the most abundant species. and the continuing dominance of this species at the Dock site in February 2002 may indicate that Rhizonziheczilu sp. can be used as a marker for increased nutrients in the water column of mangrove habitats. Calem and Pierce (1993) measured moderately high concentrations of organic suspended material in the Main Channel of Twin Cays compared to the open lagoon during the dry season (February and March). although no published data is available for the wet season at these localities.
Iridia cf. I. diuphana is a single-chambered agglutinated foraminiferan that appears to be tolerant of fluctuating salinities in nearshore, tropical to subtropical marine ecosystems (S. Richardson, unpublished data). The dominance of this species in Boston Bay during June 2001 may reflect increased freshwater runoff from Hidden Lake into Boston Bay during the wet season (Calem and Pierce, 1993) . Sorites dominicensis, the second most abundant species in Boston Bay in June 2001 , has been observed to flourish in semiprotected embayments with low-water movement (Kloos and MacGillavry, 1984) . Crithionina cf. C. cushmani, a single-chambered agglutinated foraminiferan that builds its dome-shaped test with sponge spicules and sediment grains, exhibited increased abundances at both Sponge Haven and Boston Bay in February 2002. This increase may reflect higher suspended sediment loads in the water column during the times that these sites were sampled (Calem and Pierce, 1993) .
It is difficult to ascertain whether the differences observed in the relative abundance of the various species identified in this study truly reflect seasonal responses to changing environmental conditions without first conducting a long-term study that extends over several years and involves more closely spaced sampling intervals. Buzas and Hayek (2000) analyzed data collected over a 20-year period from the Indian River Lagoon, Florida and found that both the population densities and the relative abundance of the five most common species of sediment-dwelling foraminiferans, varied considerably from season-to-season, as well as from year-to-year. Their results emphasize the importance of long-term monitoring programs for understanding regional trends in the population dynamics of specific taxa (Buzas and Nayek, 2000) . Continued long-term monitoring of the epiphytic foraminiferal populations at Twin Cays will be important for establishing base-line data that can be used to assess any future changes that might result from both human-induced and climate-related environmental stresses. Tilman et al. (2001) predict that expansion of agriculture over the next 50 years will result in 2.4-2.7-fold increases in the nitrogen-and phosphorus-driven eutrophication of near-shore marine ecosystems. In Belize, continued development is expected to result in increased erosion and sedimentation in coastal areas leading to the subsequent decline of nearshore mangrove. seagrass and coral reef habitats (Heyman and Kjerve, 1999) . It is hoped that the substantial body of knowledge on the Twin Cays mangrove ecosystem that has been assembled over the past 20 years will serve as a foundation for implementing a more con~prehensive and coordinated multispecies monitoring effort that will better enable us detect and respond to these threats.
SUMMARY
In contrast to their phytal substrate, the epiphytic foraminiferal biotas living attached to the leaf blades of Thalassia testudinurn in the vicinity of Twin Cays, Belize exhibit distinct seasonal differences in mean density per unit blade area (TJ/cm2), species richness (S) and evenness (E). The most pronounced seasonal differences observed were in the mean densities per unit blade area (N/cm2). which were higher at all sites in June Rhizonubecula sp. is identified as a potential indicator species of increased nutrients in mangrove habitats. This encrusting, milioline foraminiferan was observed to be the dominant species in June 2001 at the Sponge Haven, Dock, and 'Cuda Cut sites and again in February 2002 at the Dock site. Continued long-term monitoring of the epiphytic foraminiferal populations living in the vicinity of the Twin Cays mangrove island will be important for establishing baseline data that can be used to detect changes due to increased anthropogenic activities, such as the eutrophication of coastal waters, and global climate change.
